An integrated Structural-Thermal-Optical-Performance (STOP) model was developed for a field-widened Michelson interferometer which is being built and tested for the High Spectral Resolution Lidar (HSRL) project at NASA Langley Research Center (LaRC). The performance of the interferometer is highly sensitive to thermal expansion, changes in refractive index with temperature, temperature gradients, and deformation due to mounting stresses. Hand calculations can only predict system performance for uniform temperature changes, under the assumption that coefficient of thermal expansion (CTE) mismatch effects are negligible. An integrated STOP model was developed to investigate the effects of design modifications on the performance of the interferometer in detail, including CTE mismatch, and other threedimensional effects. The model will be used to improve the design for a future spaceflight version of the interferometer. The STOP model was developed using the Comet SimApp™ Authoring Workspace which performs automated integration between Pro-Engineer ® , Thermal Desktop ® , MSC Nastran™, SigFit™, Code V™, and MATLAB ® . This is the first flight project for which LaRC has utilized Comet, and it allows a larger trade space to be studied in a shorter time than would be possible in a traditional STOP analysis. This paper describes the development of the STOP model, presents a comparison of STOP results for simple cases with hand calculations, and presents results of the correlation effort to bench-top testing of the interferometer. A trade study conducted with the STOP model which demonstrates a few simple design changes that can improve the performance seen in the lab is also presented.
INTRODUCTION
Since 2006, NASA Langley Research Center (LaRC) has been routinely flying high spectral resolution lidars (HSRLs) on aircraft to measure aerosols and clouds (Hair et al, 2008 1 : Burton et al., 2012 2 ). The second-generation airborne instrument, HSRL-2, implements the HSRL technique (Shipley and Eloranta, 1983 3 ) at 355 and 532 nm, the standard backscatter technique at 1064 nm, and is polarization sensitive at both wavelengths. Key to the HSRL technique is the spectral separation of aerosol and molecular backscatter in the lidar receiver. On HSRL-2, this spectral separation is implemented at 532 nm using an iodine vapor filter (Pironen and Eloranta, 1984 4 ; Hair et al, 2008 1 ). At 355 nm, spectral separation is accomplished with an interferometer.
The HSRL-2 interferometer is a field-widened Michelson consisting of a glass beam splitter, a glass "solid arm", and an "air arm". A simple schematic of the concept is shown in Figure 1 . The performance of the interferometer is highly sensitive to changes in temperature, which affect the index of refraction of the glass and the thermal expansion of the entire system. To achieve the best performance, the interferometer should be maintained at a constant, uniform temperature during field missions; however, this is difficult to achieve due to the changing environment in the aircraft. Hand calculations can be used to predict the performance of the system for uniform temperature changes under the assumption that coefficient of thermal expansion (CTE) mismatch effects are negligible. This provides a reasonable estimation of the expected system performance, but does not allow for detailed comparison of design parameters, including air arm material, component geometry, mounting configurations, and effects of non-uniform temperatures.
In order to address the limitations described above, a detailed structural-thermal-optical-performance (STOP) model was developed using the Comet SimApp™ Authoring Workspace 5 . Comet provides the key benefit of automating the linkage between the CAD model (physical design), and the analysis process necessary to determine the performance of the interferometer when subjected to realistic boundary conditions. By providing this linkage, geometric trade studies can be performed rapidly by updating the CAD model, and re-running the analysis process.
The purpose of this paper is to describe the development of the interferometer STOP model, and demonstrate the advantages of using a CAD-based, automated tool to perform complex, integrated analyses. A general description of the interferometer is presented, including a description of the key performance metrics for the HSRL mission. The STOP model development using Comet is described in detail, along with verification of the results with hand calculations. The results of the STOP model comparison to lab testing of the interferometer is presented, followed by a description of trade study results that will be used to improve the next iteration of the interferometer.
INTERFEROMETER OVERVIEW AND PERFORMANCE METRICS
A schematic depicting the optical function of the interferometer is shown in Figure 2 . During aircraft operation of the HSRL instrument, the 355nm laser is directed toward the ground, and the backscattered light from air molecules and aerosols is collected by the instrument's telescope. The collected light is collimated before entering the interferometer at a small, off-normal angle to the beam splitter face. This small angle allows both output paths of the interferometer to be collected on two separate detectors, as shown in Figure 2 . The backscatter from aerosols (via Mie scattering) has a very narrow bandwidth, and if the interferometer is tuned correctly, this component of the return signal will only be present in one output of the interferometer. The molecular component of the backscatter (via Rayleigh scattering) has a bandwidth comparable to the free spectral range of the interferometer and is equally divided between the two outputs. The Mie component of the signal is the difference between the two outputs of the interferometer. Key to this technique is maintaining the optical path difference between the two arms of the Michelson so that the Mie component is only detected on one output. A single pixel detector integrates the signal for each channel over time buckets corresponding to the range resolution (altitude). 
Thermal Analysis
In the thermal analysis section of the process, two separate Thermal Desktop ® tasks are used: one to perform the thermal analysis, and the other to map the temperature results from the thermal mesh to the structural mesh. The thermal analysis task utilizes a Comet environment, which defines the loads and boundary conditions for the model. The environment is designed to handle a number of different scenarios, which are parameterized through variables in the software. It can simulate a uniform temperature change of the interferometer, or simulate realistic boundary conditions imparted to the interferometer from the thermal control housing around the system. For the aircraft version of the model, the thermal control housing is pre-defined in a Thermal Desktop ® template model, which is used as the starting point of the thermal analysis task. The thermal analysis task imports the interferometer mesh from Comet into the template model, and updates the boundary conditions specified for the particular analysis being performed through the environment definition. If the housing is being used, convection and radiation can be simulated between the housing and the interferometer. Conduction losses through the mounting feet are simulated through thermal contactors in the model. An example of the template model thermal control housing, and some thermal results on the interferometer are shown in Figure 6 . 
Structural Analysis
After the thermal analysis is performed, the temperature predictions on the interferometer are mapped to the structural mesh. This mapped temperature field is applied as a load to the structural environment set on the MSC NASTRAN™ analysis task. The environment also defines the initial temperature of the system, and the appropriate constraints at the location of the mounting feet. The task performs a static structural analysis (NASTRAN™ 101 solution) to predict the deformations of interferometer when subjected to the applied temperature field calculated by the thermal model. An example of the structural deformation results are shown in Figure 7 . 
Post-Processing
A final MATLAB ® task is used to perform a number of functions. The most important of these are the calculation of the interferogram, the calculation of the ATR, and writing the results of the full process to a PowerPoint summary file. The two detector phase matrices calculated by the optical BSP routine are imported into MATLAB ® , and one is subtracted from the other to simulate the interference between the two arms. Since the phase matrix calculated by BSP is relative to the phase of the center ray, no information about optical path difference between the arms is present in this calculation. The optical path lengths calculated for the center ray in each arm are used to determine the phase shift between the arms by the following formula:
where ΔΦ is the phase difference between the arms, OPL SA and OPL AA are the optical path lengths (in nm) of the solid arm and air arm respectively, and λ is the wavelength in nm. This value is then added to all values of the calculated interferogram from the previous step.
In order to calculate ATR, the phase at the single detector is converted to amplitude to simulate the irradiance measured by the detector using the following formula:
where P M is the irradiance matrix at the molecular channel detector, and Φ M is the phase matrix of the interferogram at the molecular detector. Theoretically, the phase at the aerosol channel detector is shifted 180° from the phase at the molecular channel detector, so the irradiance at the aerosol channel can be approximated by
and the ATR can be calculated as = where the elements of the irradiance matrix are summed over the detector aperture. It should be noted that in the actual instrument, the ATR is a derived value from measurements on each detector. The STOP model includes only one output of the interferometer, and uses the theoretical leakage of the Mie signal into the other output to calculate ATR.
In addition to the calculations shown above, the MATLAB ® code also performs a numerical tilt removal from the interferogram phase. The purpose of this tilt removal is to allow the calculation of ATR if the interferometer could be built without manufacturing tolerance errors. This "tilt-free" ATR is a useful parameter, as it approximates what can be achieved after fluid jet polishing the mirror. However, it is not a perfect simulation of this process since it does not remove other sources of wavefront error.
At the end of the script, the optics results, including images of the detector phase and irradiance at each step of the calculation, are written to a power point file using the free MATLAB ® script "saveppt.m" 7 .
Examples of a few of the output slides are shown in Figure 9 . 
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CONCLUSIONS
An integrated STOP model of the HSRL interferometer was developed by defining a reusable, automated analysis process with Comet. The model predicts the results of theoretical cases with known results exactly. It shows good agreement with lab test results, and this builds confidence in the ability to use the model to inform design decisions.
Trade studies using the model have demonstrated modifications that can improve the performance of the interferometer. Additional trade studies and lab tests will be performed, and an improved version of the interferometer will be built in 2015 based on the results of the studies. This version will undergo a spaceflight qualification test campaign to mature the technology for future space missions.
A powerful benefit of building an analytical model with an integrated tool like Comet is the ability to perform trade studies very rapidly, as demonstrated by the transient simulation and mirror warping analyses described. While there is a significant amount of time required upfront to develop the process, the analytical speed benefits appear to be worth the initial investment. In addition, the upfront time is likely to be no more than would be required if independent thermal, structural, and CAD models were developed in a traditional fashion. Most variables in the model can be parameterized, which enables automated trade studies on boundary conditions, loads, material properties, and geometric dimensions. In addition, parts can be completely modified in the CAD model, and then run through the analysis process relatively quickly as compared to the traditional method of passing information between analysts to perform manual model updates. Significant reductions in analysis design cycle durations for systems requiring integrated analyses could be realized as the software continues to evolve. 
